Genomic imprinting is widespread amongst mammals, but has not yet been found in birds. To gain a broader understanding of the origin and significance of imprinting, we have characterized three genes, from three separate imprinted clusters in eutherian mammals in the developing fetus and placenta of an Australian marsupial, the tammar wallaby Macropus eugenii. Imprinted gene orthologues of human and mouse p57 KIP2 , IGF2 and PEG1/MEST genes were isolated. p57 KIP2 did not show stable monoallelic expression suggesting that it is not imprinted in marsupials. In contrast, there was paternal-specific expression of IGF2 in almost all tissues, but the biased paternal expression of IGF2 in the fetal head and placenta, demonstrates the occurrence of tissue-specific imprinting, as occurs in mice and humans. There was also paternal-biased expression of PEG1/MESTa. The differentially methylated region (DMR) of the human and mouse PEG1/MEST promoter is absent in the wallaby. These data confirm the existence of common imprinted regions in eutherians and marsupials during development, but suggest that the regulatory mechanisms that control imprinted gene expression differ between these two groups of mammals. q
Introduction
Parent-of-origin specific gene expression, better known as genomic imprinting, is widespread in eutherian mammals and has recently been reported in two American marsupial species. Among many hypotheses on the origin and biological significance of genomic imprinting, the most widely accepted explanation is known as the genetic conflict hypothesis (Haig and Westoby, 1989, 1991; Haig, 1996) . Optimal fitness for the male is achieved when the female carrying his young invests the maximum amount of nutrition into his fetus regardless of the fitness consequences on the mother. The mother, on the other hand, achieves optimal fitness by balancing the nutrient provision to the current fetus(es) so that she has resources to support future fetus(es) from the same or different father. Two corollaries of the conflict hypothesis are that imprinting would be expected in any animal in which there is a contribution of maternal resources to the embryo (usually via the placenta) and that imprinted genes affect fetal nutrient delivery or demand.
As the placenta is the site of fetal-maternal transfer, it is a critical tissue in relation to both the conflict hypothesis as well as several other hypotheses suggested to explain of genomic imprinting (Solter, 1988; Hall, 1990) . Based on the recent experimental results that all imprinted genes so far examined in the mouse and human are expressed in the placenta (Kaneko-Ishino et al., 2003; Reik et al., 2003) , we have postulated a novel placenta hypothesis that imprinted genes enabled the ancestral mammal to form a placenta (Kaneko-Ishino et al., 2003) . This hypothesis itself does not explain why imprinted genes show monoallelic expression. However, monoallelic expression may have evolved to ensure the expression of all the essential genes needed for development (Kaneko-Ishino et al., 2003) .
The placenta is therefore a key organ in which to test the validity of both the conflict and the novel placenta hypotheses. The difference between the conflict and novel placenta hypotheses concerns the origin of genomic imprinting. However, the two hypotheses are not mutually exclusive (Kaneko-Ishino et al., 2003) . It is difficult to determine precisely when the genomic imprinting was established in mammalian evolution so characterization of imprinted genes in marsupials and monotremes is of critical importance.
Recent work in mice provides experimental evidence to support and confirm that imprinted gene action is important in the formation of the placenta, such as Ascl2 (Guillemot et al., 1995) , and directly controls the supply of maternal nutrients to the fetus (Constancia et al., 2002) . Deletion of the paternally expressed Igf2, Peg1/Mest, Peg3 or Ins1/Ins2 genes results in intrauterine growth restriction (DeChiara et al., 1991; Duvillie et al., 1997; Lefebvre et al., 1998; Li et al., 1999) whereas deletion of the maternally expressed Igf2r or overexpression of the Igf2 gene, results in fetal overgrowth (Wang et al., 1994; Sun et al., 1997) . Thus a crucial test of these hypotheses is whether genomic imprinting exists in viviparous taxa other than in the Eutheria (O'Neill et al., 2000) .
Marsupials occupy a very important position to study the origin and biological significance of genomic imprinting. Although they have a relatively short lived placental attachment, and a brief intrauterine life, they do have a fully functional placenta (Renfree, 1972 (Renfree, , 1983 TyndaleBiscoe and Renfree, 1987; Renfree and Shaw, 1996; Freyer et al., 2002 Freyer et al., , 2003 . Furthermore, there is a maternal recognition of pregnancy, and despite its small size and altricial development, the fetus provides signals to the mother that are responsible for the initiation of parturition (Renfree and Shaw, 1996; Renfree, 2000; Ingram et al., 2001) . We now know that IGF2 is imprinted, in a paternalspecific manner (identical to eutherian mammals), in at least two marsupial species (the South American short-tailed grey opossum, Monodelphis domestica and the North American opossum, Didelphis virginiana) (O'Neill et al., 2000; Killian et al., 2001 ). However, we do not know whether any imprinted genes exist in the marsupial yolk sac placenta or anything of their tissue-specific expression patterns. Genomic imprinting may be a mechanism specific to the therian mammals because as yet no imprinted genes have been confirmed in the egg-laying mammals, the Monotremata (Killian et al., 2000; Killian et al., 2001; Grutzner et al., 2003; Murphy and Jirtle, 2003) although investigations have been limited by availability of tissues.
Only two imprinted gene orthologues (IGF2, IGF2R) have been identified as imprinted in marsupials (Killian et al., 2000; O'Neill et al., 2000) . Furthermore, no marsupial studies have addressed the function of any imprinted gene. Since IGF2 is so intimately involved in growth of the fetus in eutherian mammals and has been implicated in several aspects of placental development, including vessel formation (Han and Carter, 2000) , trophoblast invasion (McKinnon et al., 2001; Gratton et al., 2002) , and nutrient transfer (Lopez et al., 1996; Constancia et al., 2002) , it and its receptors and antagonists are a logical genes on which to base a test of the genetic conflict hypothesis.
IGF2 encodes a fetal specific growth factor that is paternally expressed in mice, humans and marsupials (O'Neill et al., 2000; Killian et al., 2001 ). IGF2 has also been implicated in nutrient transport across the yolk sac (Han and Carter, 2000) , which, in marsupials, is the primary placental structure (Tyndale-Biscoe and Renfree, 1987) . It is known that cell size differs between the bilaminar yolk sac, primarily involved in nutrient transfer, and the trilaminar yolk sac, associated with gas exchange (Renfree, 1983; Tyndale-Biscoe and Renfree, 1987; Freyer et al., 2002) . Therefore, in marsupials IGF2 could influence nutrient transfer of the yolk sac by regulating cell size. p57 KIP2 encodes a member of the CIP/KIP family of cyclin-dependent kinase inhibitors and is maternally expressed in all mammalian species examined to date. The absence of p57 KIP2 affects the ability of cells to exit from the cell cycle. The gene lies w800 kb from IGF2 in both mouse and human. These two genes may act in opposing manners to control cell proliferation during development of human fetuses (Zhang et al., 1997) . Double mutants for Igf2 and p57
Kip2 suggest that these genes may act antagonistically on placental development, since the placental dysplasia caused by a lack of p57 Kip2 can be suppressed by reducing the levels of Igf2 (Caspary et al., 1999) . p57
Kip2 is down-regulated in mice with high serum levels of Igf2 and its expression is reduced in Igf2 treatment of embryo fibroblasts (Grandjean et al., 2000) .
DNA methylation and histone deacetylation play an important role for establishment and maintenance of genomic imprinting memories in humans and mice. During normal development, gene expression is regulated by a sequence of methylation and demethylation in both somatic and germline cells. Among them, imprinted gene expression is regulated by DNA methylation of differentially methylated regions (DMR) between paternal and maternal alleles. Almost all methylation is erased soon after fertilization, with the basic pattern re-established around implantation in eutherian mammals. However, it is known that genomic imprinted regions show resistance to this genome-wide demethylation (Kafri et al., 1993) . Later in development, specific demethylation of tissue specific genes can occur. The global pattern of methylation of the marsupial genome is similar to that of the mouse (Stevens et al., 1988) with three levels of methylation: hypermethylated in the embryonic DNA; intermediate in the vascular yolk sac and hypomethylated in the avascular yolk sac (Stevens et al., 1988) . Therefore, it is of great interest to know whether the role of DNA methylation in regulation of genomic imprinting is also conserved in marsupials.
This study examines the imprinting status and the regulation of IGF2, p57 KIP2 , PEG1/MEST from the fetus and placenta of the tammar wallaby.
Results

Isolation and characterization of the imprinted gene homologs, IGF2, p57
KIP2 , PEG1/MEST from the tammar wallaby Full length cDNA clones were obtained with basically a combination of PCR and library screening (Fig. 1A, B ). In the case of PEG1/MEST, we identified two different 3 0 and 5 0 regions (Fig. 1C ), corresponding to two transcription start sites and two 3 0 UTR with different lengths, similar to human PEG1/MEST (Kobayashi et al., 1997) .
IGF2 proteins are highly conserved in the two mammalian groups but a relatively lower homology was observed in C-terminal region of chicken IGF2. Three consecutive amino acids LPG (Fig. 1D , asterisks) were found in the wallaby protein and opossum, while an ALNK amino acid sequence (Fig. 1D , asterisks) was only seen in chicken. Amino acid and nucleotide sequence homology between mouse and wallaby were 70.7 and 73.9%, respectively.
Mouse p57 Kip2 protein consists of four domains, namely Cdk inhibition, proline-rich, acidic repeat and QT domains (Fig. 1E) . The Cdk inhibition and QT domains are conserved, but the other two are not in human p57 KIP2 that has an additional PAPA repeat. In wallaby, only the Cdk inhibition domain is conserved as it is in human and mouse. However, homology in the QT domains is very low and the remaining part is divergent except for the prolineand acidic amino acid-rich regions that might be corresponding to proline-rich domain and acidic repeats in the mouse. It suggests that the Cdk inhibitory domain may be critical for gene function and the other domains or repeats have been subsequently acquired in each species.
PEG1/MEST shows high homology among mammalian species and even fish (fugu and zebrafish), and all the motifs are conserved in the enzymes of a/b hydrolase fold family (Fig. 1F, asterisks) . Amino acid and nucleotide sequence homology between human and wallaby were 83 and 81%, respectively, and those between wallaby and fugu were still 70% each. The only amino acid differences were found in the N-terminal region encoded by exon 1 among eutherian mammals, wallaby and fish. . RT-PCR primers of PEG1/MEST and p57 KIP2 were designed by comparing cDNA homologies among two eutherians and two fish, and among four eutherians, respectively. Two inosines in the p57 Fig. 1 continued on next page. Fig. 1 (continued) 2.2. Determining the imprint status of wallaby IGF2, p57 KIP2 , PEG1/MEST Monoallelic expression of IGF2 was confirmed in nine individuals (in the body, arm and remaining tissues of each embryo excluding the head and placenta) ( Fig. 2A and Supplemental data). In contrast, biallelic but biased expression was observed in head tissue of the embryos and the yolk sac placentas, probably due to the existence of some transcripts from different cell-type-specific promoters. Paternal expression was confirmed in two cases by comparing the alleles expressed in the fetuses to the genotype of their mothers (Fig. 2B) . All the fetuses examined were heterozygous for C and T alleles at least one polymorphic site. In the cases of no. 9 and 17, the mothers were homozygous for the T allele and homozygous for the C allele at the same polymorphic site, respectively (Fig. 2B) . By SNuPE assay, it is clear that the C allele in no. 9 and the T allele in no. 17 fetuses showed stronger signal intensity, that is, they are paternally biased (see Supplemental data). These results confirm that wallaby IGF2 is imprinted and presumably shows paternal expression as in eutherians. There is a possibility that the biased expression pattern comes from allelic difference of transcription (as discussed below) and does not represent the imprinted regulation of IGF2. However, this is unlikely because expression from either allele was confirmed at the same polymorphism site in the above two cases and we observed the same biased expression pattern at three different polymorphic sites (Supplemental data). p57 KIP2 showed biallelic expression in almost all heterozygous samples (six out of seven individuals) ( Fig. 2A and Supplemental data). However, biased expression was observed between parental alleles in only one individual (no. 2 in Fig. 2A and Supplemental data).
Two transcription start sites were identified for wallaby PEG1/MEST in a 15 kb of genomic DNA region, as seen in the human orthologue. Transcripts from exons 1 and A were named PEG1/MESTa and PEG1/MESTb, respectively (Fig. 3) . In humans, PEG1/MESTb shows biallelic expression but PEG1/MESTa is expressed paternally (Kobayashi et al., 1997 (Kobayashi et al., , 2001 . Similarly, wallaby PEG1/MESTb was expressed biallelically and PEG1/MESTa showed biased expression in 10 out of 11 individuals including three identified paternal cases ( Fig. 2A, B and Supplemental data). All the mothers of fetuses no. 6, 10 and 11 were homozygous for G allele, but the opposite T alleles were expressed higher than the maternallyderived G alleles in all these heterozygous fetuses. We observed a similar biased expression pattern at another different polymorphic site (Supplemental data, no. 13), so the differential expression by allelic difference is also unlikely in this case. Therefore, we conclude that wallaby PEG1/MESTa is imprinted but a minor contribution from the maternal allele is always recognizable unlike human PEG1/MESTa (Kobayashi et al., 1997 (Kobayashi et al., , 2001 ). However, in one individual, there were reciprocal biased expression patterns between PEG1/MESTa and PEG1/MESTb (no. 12 in Fig. 2A and Supplemental data) and in another individual there was biallelic expression for PEG1/MESTa (no. 14 in Fig. 2A and Supplemental data).
The absence of DMRs in the promoter region of the wallaby PEG1/MEST gene
No DMRs were found in the wallaby PEG1/MEST locus, in the 15 kb region containing the two promoters. There are no CpG islands downstream, and two unmethylated CpG islands (CGI 1 and 2) upstream of exon A (Fig. 3, lower  panel) . Additionally, in exon 1 there were no CpG islands. We did find some isolated CpGs around exon 1, but the DNA methylation status of these was not different between parental alleles in either embryos and yolk sac placentas (Fig. 3, indicated as P) .
Discussion
Imprinted genes in an Australian marsupial
This is the first report of genomic imprinting in any Australian marsupial. It has been previously reported that IGF2 and IGF2R of the South American opossum and the Virginia opossum are imprinted and expressed paternally and maternally, respectively (Killian et al., 2000; O'Neill et al., 2000) . In this report, we show that IGF2 and PEG1/ MEST in the tammar wallaby are imprinted and have paternal expression as in human and mouse. Thus these genes are imprinted and do not simply represent allelic differences, since there are the same biased expression patterns at two and three different polymorphic sites of IGF2 and PEG1/MESTa, respectively. Therefore, it is reconfirmed that there are some common imprinted regions between marsupials and eutherians. However, there were two individuals showing irregular PEG1/MEST imprinted expression profiles including one equal biallelic expressions (no. 14) and another biased expression of usually nonimprinted PEG1/MESTb (no. 12). Similarly, an abnormal biased expression of p57 KIP2 was also found in one individual (no. 2). It remains to be determined whether these biased expressions are due to imprinted regulation or to allelic differences, such as DNA polymorphisms around promoter regions that were observed in several cases in humans (Yan et al., 2002; Lo et al., 2003) . It is possible that these differences may be due to the occurrence of DNA polymorphisms at a relatively high frequency in captive populations of the tammar wallaby.
Interestingly, the tammar IGF2 also showed tissuespecific imprinting like human and mouse IGF2. It was reported that IGF2 in these species expressed biallelically in brain (choroid plexus) because of the expression of nonimprinted transcript from a different promoter (Ohlsson et al., 1994; Hemberger et al., 1998) . We also detected several different 5 0 sequences of the wallaby IGF2 (data not shown), suggesting both imprinted and non-imprinted promoters of the wallaby IGF2 like human and mouse.
Different mechanisms of establishing imprinting
DMRs are known to play important roles in imprinted gene regulation in both human and mouse. In these species, , and w1 promoter region. Bisulfite sequencing of the CGI1 and 2 and region P revealed that there were no parental differences in the DNA methylation level. Two parental alleles are distinguished in the CGI2 and region P by DNA polymorphisms. Black and white circles indicate methylated and unmethylated CpGs, respectively. the DMR is located in the promoter region (exon 1) of the paternally expressed PEG1/MEST and the DMRs of the maternal alleles are fully methylated (Fig. 3 upper panel) . In contrast, we have found that DMRs are totally lacking in the wallaby PEG1/MEST promoter region. The DMR of the human and mouse PEG1/MEST is thought to play an essential role in the repression of the maternal allele. Similarly, the DMR in Igf2r intron 2 is essential for the maternal expression of mouse Igf2r by controlling the expression of the paternally expressed anti-sense RNA, Air. Interestingly, the opossum IGF2R locus also lacks a DMR (Killian et al., 2000) . Therefore, wallaby PEG1/MEST is the second case in which DMRs, essential for imprinting regulation in eutherians, are absent in a marsupial, yet the gene is still imprinted. The absence of DMR in two marsupial imprinted gene orthologues also suggests that imprinting regulation has become more tightly regulated in the eutherian mammals.
As described above, wallaby PEG1/MESTa shows paternal-biased expression but it is not completely paternally expressed as in human PEG1/MESTa (Kobayashi et al., 1997 (Kobayashi et al., , 2001 , suggesting the imprinting control of the wallaby PEG1/MEST is not as tightly regulated as in humans and mice. It will be very interesting to examine the relationship between the leaky imprinting regulation of wallaby PEG1/MESTa and the lack of DMRs in this region.
It is well known that mouse Ascl2 (Mash2) gene remains imprinted when the maintenance DNA methyltransferase Dnmt1 is absent while other imprinted genes become biallelic or silent, identical to their expression profiles in the non-imprinted state (Caspary et al., 1998) . It is also reported that the X-linked G6PD gene expression is repressed on the inactive paternal allele even though 5 0 CpG island is hypomethylated in the paternal as well as the maternal gene in marsupials (Kaslow et al., 1987; Loebel and Johnston, 1996) . There was another report that there are differences in histone acetylation levels between the two X chromosomes (Wakefield et al., 1997) . One hypothesis is that a different regulatory mechanism, which may involve histone methylation and acetylation rather than DNA methylation, plays the dominant role in marsupial imprinting. DNA methylation seen in eutherians was possibly acquired after the divergence of marsupials from eutherian mammals, and is required for maintenance of the initial genomic imprinting memory.
Despite differences in its regulation, genomic imprinting is a widespread phenomenon among eutherian mammals and its occurrence is now confirmed in both American and Australian marsupials. This result is consistent with the genetic conflict hypothesis that imprinting should arise after the origin of postzygotic parental care. Therefore, marsupial may represent an intermediate stage in the evolution of the genomic imprinting mechanism, predicted by the genetic conflict hypothesis. We also confirmed the expression of imprinted genes (IGF2 and PEG1/MESTa) in the marsupial yolk sac placentas, consistent with the novel placenta hypothesis. There are about 10 different imprinted regions in the mouse, so it will be interesting to determine whether marsupial imprinted genes are similarly clustered and have shared a similar evolutionary fate to that in other mammals. Our study only examines three genes, each located in a different imprinted gene cluster in the mouse. More analyses of imprinted gene orthologues in marsupials, monotremes and birds are needed to distinguish between the several hypotheses on the origin of imprinting.
Experimental procedures
Animals and tissue collection
Tammar wallabies (Macropus eugenii) of Kangaroo Island origin were maintained in our breeding colony in grassy, outdoor enclosures Lucerne cubes, grass and water were provided ad libitum and supplemented with fresh vegetables. Fetuses and yolk sac placenta tissue of both sexes were collected as previously described between days 22 and 25 of the 26.5 day gestation (Renfree, 1973; Tyndale-Biscoe and Renfree, 1987) . Experimental procedures conformed to Australian National Health and Medical Research Council (1990) guidelines and were approved by the Animal Experimentation Ethics Committees of the University of Melbourne.
Library preparation and screening
A cDNA library was constructed from fetuses of tammar wallaby in day 24-25 of gestation using phage lambda Uni-ZAP XR (Stratagene) according to the manufacture's protocol. A partial IGF2 cDNA clone was directly isolated from the cDNA library by luck. Primers for PEG1/MEST and p57 KIP2 amplifications were designed from the highly conserved regions of the GxGxS motif and catalytic Asp site of the a/b hydrolase fold family, and the Cdk inhibition domain ( Fig. 1E and F) . PCR amplification with these primers were carried out using 1 ng wallaby cDNA from the fetus, 2.5 U ExTaq HS (TaKaRa), 80 pmol primers, and 2.5 mM dNTPs (96 8C!15 s, 55 8C!30 s, and 72 8C! 1 min for 37 cycles) (Fig. 1B) . Using partial DNA fragments of each gene as a probe, a full length cDNA containing ORF and 3 0 UTR was subsequently isolated from the cDNA library. In the case of PEG1/MEST, a partial cDNA was isolated and both 5 0 and 3 0 UTR sequences were amplified by PCR from the total cDNA library using primers within the cDNA library vector and known sequences from the wallaby. Two transcription start sites were obtained and the clones that had the longest 5 0 regions of both transcripts were rescreened from the cDNA library. 0 for PEG1/MEST, p57 KIP2 and IGF2, respectively. The primers and dNTPs in the PCR products were inactivated using Reagent pack for use with Sequenase PCR Product Sequencing Kit (USB). And the PCR products were sequenced with 3100 Genetic Analyzer (Applied Biosystems).
Determination of polymorphisms
Expression analysis and assignation of imprint status
Expression from two parental alleles of each gene was quantified separately using single nucleotide primer extention (SNuPE) method (Singer-Sam, 1994) . For separate amplification of PEG1/MESTa and PEG1/MESTb, two different forward primers were used: 5 0 -TGTGCAGTG-CATGATGACC-3 0 for PEG1/MESTa and 5 0 -GGCCGGCCCTGAGCTC-3 0 for PEG1/MESTb (Fig. 3 ) with combination of the common reverse primer as described above. Primer sets for IGF2 and p57 KIP2 are the same as described above. Twenty five to 32 cycles of PCR amplification were carried out with 1-5 ng wallaby cDNAs from the fetuses or placentas using 2.5 U ExTaq HS (TaKaRa), 80 pmol primers, and 2.5 mM dNTPs under the following cycle conditions: 96 8C!15 s, 65 8C!30 s, and 72 8C!1 min. PCR products were purified using Reagent pack for use with Sequenase PCR Product Sequencing Kit (USB). SNuPE reaction were performed in a 20 ml reaction volume: 10-50 ng of PCR template was incubated in a final concentration of 1!PCR buffer containing 20 pmol of SNuPE primer, 37 KBq of [32P]dCTP or [32P]dTTP or [32P]dGTP and 1 U of Taq HS (TaKaRa). Different primers for each gene were used for SNuPE analysis depending on the DNA polymorphisms of the individuals: 5 0 -GCACTACT-TAAATTGGCTGATATGTAG-3 0 and 5 0 -GAAATC-CAAAGTCATGACCAAAA-3 0 for PEG1/MEST of individuals without and with asteriscs, respectively; 5 0 -TGCAGGCTCAGCCGTC-3 0 for p57 KIP2 ; 5 0 -ATTCCCTG CTTCCCTCTTCC-3 0 , 5 0 -GGTTGAGTTTTGGAACATG C-3 0 and 5 0 -GAGGTTGTGGGTGACTCC-3 0 for IGF2 of individuals without and with asterisks and double asterisks, respectively. Condition for primer extension reactions was: 95 8C for 1 min, 60 8C for 2 min and 72 8C for 2 min. A 20 ml of stop solution was then added to reaction mixtures and samples were loaded onto 10% denaturing polyacrylamide gels containing 7 M urea.
